Circadian phase and its relation to sleep are increasingly recognized as fundamental factors influencing human physiology and behavior. Dim light melatonin onset (DLMO) is a reliable marker of the timing of the circadian clock, which has been used in experimental, clinical, and descriptive studies in the past few decades. Although DLMO and its relationship to sleep have been well documented in school-aged children, adolescents, and adults, very little is known about these processes in early childhood. The purpose of this study was 1) to describe circadian phase and phase angles of entrainment in toddlers and 2) to examine associations between DLMO and actigraphic measures of children's nighttime sleep. Participants were 45 healthy toddlers aged 30 to 36 months (33.5 ± 2.2 months; 21 females). After sleeping on a parent-selected schedule for 5 days (assessed with actigraphy and diaries), children participated in an in-home DLMO assessment involving the collection of saliva samples every 30 minutes for 6 hours. Average bedtime was 2015 ± 0036 h, average sleep onset time was 2043 ± 0043 h, average midsleep time was 0143 ± 0038 h, and average wake time was 0644 ± 0042 h. Average DLMO was 1929 ± 0051 h, with a 3.5-hour range. DLMO was normally distributed; however, the distribution of the bedtime, sleep onset time, and midsleep phase angles of entrainment were skewed. On average, DLMO occurred 47.8 ± 47.6 minutes (median = 39.4 minutes) before bedtime, 74.6 ± 48.0 minutes (median = 65.4 minutes) before sleep onset time, 6.2 ± 0.7 hours (median = 6.1 hours) before midsleep time, and 11.3 ± 0.7 hours before wake time. Toddlers with later DLMOs had later bedtimes (r = 0.46), sleep onset times (r = 0.51), midsleep times (r = 0.66), and wake times (r = 0.65) (all p < 0.001). Interindividual differences in toddlers' circadian phase are large and associated with their sleep timing. The early DLMOs of toddlers indicate a maturational delay in the circadian timing system between early childhood and adolescence. These findings are a first step in describing LeBourgeois et al. / CIRCADIAN PHASE IN TODDLERS 323 the fundamental properties of the circadian system in toddlers and have important implications for understanding the emergence of sleep problems and the consequences of circadian misalignment in early childhood.
The near 24-hour oscillation of the human circadian clock is essential for coordinating many physiological processes as well as complex behaviors such as the preferred timing for sleeping and eating (Vollmers et al., 2009) . The suprachiasmatic nuclei (SCN) of the anterior hypothalamus comprise the circadian "master clock" that organizes mammalian circadian rhythms (Lydic et al., 1980; Rusak and Zucker, 1979; Swaab et al., 1985) . The output of the SCN to the pineal gland promotes the release of the neurohormone melatonin. During entrainment of individuals maintaining a diurnal schedule, melatonin levels rise before sleep, peak during the early morning hours, and drop to low daytime levels just after morning awakening (Arendt et al., 1977; Wehr, 1991) . The secretory pattern of melatonin is commonly used to quantify the timing of the circadian clock by taking samples at given intervals (e.g., 30 minutes, 60 minutes) in dimly lit conditions to avoid light-suppressing effects on melatonin production (Lewy et al., 1980) . The point at which salivary melatonin levels cross a specific threshold is known as dim light melatonin onset (DLMO) . DLMO is a wellestablished reliable marker of circadian phase (Benloucif et al., 2005; Klerman et al., 2002) that has been utilized in experimental, clinical, and descriptive studies in the past few decades.
An established literature indicates that the circadian clock driving endogenous rhythms modulates the timing, duration, and structure of sleep (Dijk and Czeisler, 1995) . Sleep in turn indirectly influences entrainment of the circadian system to the 24-hour solar day through the "gating" of light/dark cycles (Kalsbeek et al., 2006) . In adolescents and adults, variability in circadian phase is strongly associated with the timing of sleep such that individuals with later DLMOs are more likely to have later bedtimes, midsleep times, and morning wake times (Burgess and Eastman, 2005; Crowley et al., 2006; Wright et al., 2005) . Sleep and/or wakefulness occurring at inappropriate circadian phases results in circadian misalignment (Markwald et al., 2013) , which is recognized as a factor contributing to the increased risk of disease (Tenkanen et al., 1998) , work-related accidents (Gold et al., 1992) , and poor school performance (Wolfson and Carskadon, 1998) . Such misalignment can be quantified as the phase angle of entrainment, or the time between circadian phase and a recurring behavioral event (e.g., interval between DLMO and bedtime, sleep onset time, wake time). Published data on sleep and circadian links, as well as the consequences of circadian misalignment in early childhood, are scarce (LeBourgeois et al., in press) .
Although oscillation of the circadian clock is a fundamental biological process, the timing of the circadian system and its relationship to sleep are not stable across the life span. For example, Carskadon and colleagues (2002b) have demonstrated changes in the circadian system associated with pubertal development, such that the markedly later bedtimes observed across adolescence are in part due to a delay in the timing of melatonin onset (Carskadon et al., 1997; Carskadon et al., 1993) . The phase angle of entrainment of DLMO to sleep onset becomes wider between adolescence and adulthood (Crowley et al., 2006; Wright et al., 2005) . Furthermore, comparisons of findings from studies of mature adolescents, adults, and older individuals suggest an age-related advance in circadian phase associated with earlier bedtimes and rise times with increasing age (Crowley et al., 2006; Duffy et al., 1999) . Such findings provide evidence of maturational circadian shifts, which likely occur as a result of an interaction between changing biological processes and salient social and environmental time cues.
The timing of the circadian clock and its relationship to sleep have not been described in toddlers. Understanding such processes is important because early childhood is a time of significant change in the duration, timing, and quality of sleep. Findings from longitudinal and cross-sectional studies indicate that parent-reported 24-hour sleep duration declines from approximately 13.0 hours at age 2 years to approximately 11.5 hours at age 5 years (Crosby et al., 2005; Iglowstein et al., 2003) . Sleep is biphasic in almost all 2-year-old children, including one long nocturnal sleep episode and a relatively short afternoon nap.
Daytime napping diminishes thereafter, with most, but not all, 5-year-old children sleeping only at night (Acebo et al., 2005; Weissbluth, 1995) . Coincident with these developmental sleep changes are parental reports of sleep disturbance (e.g., bedtime resistance, sleep onset delay, prolonged night awakenings), which affects approximately 25% of American children (Owens, 2008) . Sleep disturbance in early childhood often persists into the school-age years (Kataria et al., 1987) , is associated with internalizing, externalizing, and attentional problems (Hvolby et al., 2008; Lavigne et al., 1999) , and independently predicts the onset of emotional and cognitive problems in adolescence (Friedman et al., 2009; Gregory et al., 2004; Gregory and O'Connor, 2002) . Normal shifts in sleep and the onset of sleep problems are likely influenced by interactions of biologically based, maturing sleep homeostatic and circadian processes in the context of the social demands, opportunities, and stressors experienced by the child (Jenni and LeBourgeois, 2006; Jenni and O'Connor, 2005) .
In this study, we examined circadian phase and its associations with sleep in a sample of napping toddlers. Children's sleep was assessed with actigraphy for 5 days prior to an in-home, child-friendly, salivary DLMO protocol. The intervals between DLMO and sleep timing measures were quantified as phase angles of entrainment. Based on previous findings in adolescents and adults, we hypothesized earlier DLMOs and more narrow bedtime phase angles in young children than older age groups. Also, because young children have relatively longer nighttime sleep intervals (Iglowstein et al., 2003) , we hypothesized that midsleep and wake time phase angles would be wider than what are observed in adolescents and adults. Finally, we tested whether circadian phase was associated with the timing of sleep in toddlers, such that those with later bedtimes, sleep onset times, midsleep times, and wake times would also have later DLMOs.
MATERIALS AND METHODS

Participants
Participants were 45 healthy children (21 females; 37 white, 1 African American, 7 mixed race) aged 30 to 36 months (33.5 ± 2.2 months). Families were recruited from Providence, Rhode Island, and Boulder, Colorado, at community events and via flyers and laboratory website advertisements. Parents completed a telephone screening and questionnaires to assess inclusion/exclusion criteria. Children were included if they were 30 to 36 months of age at the time of assessment and had a daily nap opportunity, during which time they fell asleep at least 3 days per week. Children were excluded if they 1) participated in regular cosleeping; 2) had a bedtime/wake time sleep schedule that differed >2 hours between weekdays and weekends; 3) had traveled beyond 2 time zones within 3 months of the study; 4) regularly used medications affecting sleep, alertness, or the circadian system; 5) had diagnosed sleep problems; 6) had developmental disabilities, neurological/metabolic disorders, chronic medical conditions, lead poisoning, or a head injury involving loss of consciousness; 7) had a conceptual age of ≤37 weeks or >42 weeks; 8) were low birth weight (<5.5 lb); or 9) had a family history (first degree) of diagnosed narcolepsy, psychosis, or bipolar disorder.
One hundred seventy-six children were screened. Of these, 83 met study inclusion criteria, 64 were enrolled, and 53 completed the study. Eleven children did not participate due to inadequate saliva production during training sessions. Three children completed the study but were excluded due to a "missed" DLMO; 5 others completed but were dropped because they did not nap during the 5 days before the DLMO assessment. Thus, this analysis includes a total of 45 children. All parents signed an informed consent form approved by the Brown University or University of Colorado Boulder institutional review board. Families were compensated with $50 cash, and children received a $50 United States savings bond following completion of the study.
Protocol Figure 1 illustrates the study protocol in an exemplary participant. Children followed a parent-selected sleep schedule during study days 1 to 5, during which researchers made several in-home visits to train children in providing saliva samples. The DLMO assessment occurred on day 6 of the study. During the entire protocol, children neither consumed caffeine nor took medications affecting their sleep and/or circadian rhythms. Parents reported daily on their child's sleep patterns and compliance with study protocol rules. Data were neither collected during summer months (June to August) nor during the 1-week following daylight saving time changes.
Measures
Sleep diary. Parents completed a daily sleep diary throughout the study. Evening diary questions inquired about the times that the actigraph was not worn, bedtime, lights-off time, and sleep onset latency. Morning questions included morning wake time and get out of bed time. Sleep diaries were used to ensure compliance with the study protocol and to aid with scoring of actigraphy data (Acebo et al., 1999) .
Actigraphy. Children wore an actigraph (model AW64, Minimitter, Bend, OR, USA, or model AW Spectrum, Philips/Respironics, Pittsburg, PA, USA) on their nondominant wrist throughout the study to provide continuous recordings of sleep/wakefulness states via measurement of motor activity. Actiware Sleep V5.59 software (Phillips/Respironics, Pittsburg, PA, USA) was used to estimate 1-minute epochs as either sleep or wakefulness based upon activity levels in the surrounding 2-minute interval. This algorithm was applied to portions of the record identified as sleep through a combination of diary reports and actigraph event markers set by parents at "lights-off" and "lights-on." In comparison to videosomnography in preschoolers, this algorithm shows high overall epochby-epoch agreement (94%) and is excellent in detecting sleep (sensitivity = 97%); however, it overestimates wake during the sleep period (specificity = 24%) (Sitnick et al., 2008) . Standard scoring rules were applied to each sleep episode: sleep start was the first of 3 epochs of sleep after lights-off, and sleep end was the last of 5 epochs of sleep before lights-on (Acebo et al., 2005) . Sleep episodes were excluded when 1) the actigraph was off for all/part of the sleep period, 2) the concurrent diary report was not available, or 3) the episode included external motion (e.g., sleeping in a car, stroller). Actigraphic estimates averaged across study days 1 to 5 included lights-off time (bedtime), sleep start time (sleep onset time), midsleep time (midpoint between sleep start and sleep end), and sleep end time (wake time). Phase angle of entrainment measures were calculated using these actigraphic sleep measures. We also computed 24-hour sleep duration as the interval from sleep start to sleep end for daytime and nighttime sleep episodes. Due to noncompliance (n = 2) or technical failure (n = 2), no actigraphy data were available; in these cases, we used daily diary data to compute sleep and phase angle of entrainment variables. Thus, actigraphy data were available for 41 children, with measures computed as the aggregate of 5 days/ nights in 68%, 4 days/nights in 25%, and 3 days/nights in 7% of children.
Salivary DLMO assessment. Children participated in an in-home DLMO assessment on study day 6. In the early afternoon, researchers transformed the family's home into a dimly lit "cave" by blocking light from windows with black plastic attached with painter's tape and controlling light sources with dimmer switches and very low-power bulbs. Children entered dim light conditions (0.01-10.90 lux at angle of gaze) at least 1 hour before the first sample, where they remained throughout the saliva collection interval. Children provided saliva samples (~2 mL) every 30 minutes for 6 hours, ending 1 hour past their average parent-reported bedtime during study days 1 to 5 (12 samples total). With help from a researcher, children rinsed their mouths with water and, if needed, gently brushed their teeth with water for samples collected after eating (>15 minutes before obtaining each saliva sample). Children remained in a sitting posture for at least 5 minutes prior to and during collection of each saliva sample. Saliva samples were collected by having children chew on a braided dental cotton roll (Henry Schein Inc., Denver, PA, USA) for 1 to 2 minutes. Lux was measured with each saliva sample using a light meter (Extech Instruments, Spring Hill, FL, USA) held approximately 5 cm adjacent to the child's eye and directed in the angle of gaze. Samples were immediately centrifuged (LabEssentials Inc., Monroe, GA, USA) and refrigerated on site. Samples were then transported to the laboratory and frozen (-20 °C) within 12 hours. Assays were performed at the Bradley Hospital Sleep and Chronobiology Laboratory (Providence, RI, USA) or SolidPhase Inc. (Portland, ME, USA) using radioimmunoassay (ALPCO Diagnostics, Salem, NH, USA), with a minimum detection of 0.2 pg/mL. The intra-assay and interassay coefficients of variation for evening time levels of salivary melatonin were 4.1% and 6.6%, respectively. Figure 2 shows example melatonin profiles for 2 children with repeated DLMO assessments after a 1-week interval. The DLMO times were stable, with a change of 15 minutes for one child ( Fig. 2A) and 6 minutes for another child (Fig. 2B) ; the amount and direction of change corresponded directly to differences in average bedtimes between the 2 weeks.
Data Processing and Analysis
DLMO phase was defined as the clock time that evening salivary melatonin concentrations increased and remained above a 4-pg/mL threshold using linear interpolation between successive samples. This is a well-accepted standard with school-aged children and adolescents (Carskadon et al., 1997) and was derived from reports that salivary melatonin concentrations are about 40% of plasma levels in healthy young adults (10 pg/mL is the most common DLMO threshold for plasma melatonin) (Deacon and Arendt, 1994) . Bedtime, sleep onset time, midsleep time, and wake time phase angles of entrainment were computed as the time interval between DLMO and averaged (study days 1-5) actigraphic estimates of the sleep variables.
Statistical analyses were performed with PASW Statistics Package 21.0 (IBM Corp., Armonk, NY, USA). Summary measures are presented as mean ± SD. Pearson correlations were used to assess associations between continuous variables.
RESULTS
Descriptive statistics for circadian and actigraphic sleep variables are presented in Table 1 . DLMO, all sleep variables, and wake time phase angle were normally distributed in this sample of healthy toddlers; however, moderate skewness was observed for bedtime phase angle (mean = -46.8 minutes; median = -39.4 minutes) and sleep onset phase angle (mean = -74.6 minutes; median = -65.4 minutes). Midsleep time phase angle also showed mild positive skewness (mean = 6.2 hours; median = 6.1 hours). We found no sex differences in DLMO or in any phase angle of entrainment measures.
As shown in Figure 3 , DLMO was moderately correlated with actigraphic sleep timing measures such that toddlers with later DLMOs were more likely to have later bedtimes (r = 0.46), sleep onset times (r = 0.51), midsleep times (r = 0.66), and wake times (r = 0.65) (all p < 0.001). DLMO was not correlated with nighttime or 24-hour sleep duration. Figure 4 illustrates the wide interindividual differences we observed in not only DLMO but also its relationship to sleep timing. It is visually apparent that toddlers with early DLMOs have wider bedtime and sleep onset phase angles of entrainment, while children with later DLMOs have bedtimes very close to the onset of evening melatonin. In fact, about 20% of parents (n = 10) selected bedtimes before their children's DLMOs, thus resulting in positive bedtime phase angles of entrainment (Fig. 3A) .
DISCUSSION
To our knowledge, this is the first study to describe the timing of the endogenous circadian clock and its relationship to nighttime sleep in toddlers. We developed child-and family-friendly in-home procedures simulating standard DLMO assessments used with adolescents and adults in laboratory and field settings. We also obtained multimodal assessments of sleep, including daily parent reports, sleep diaries, and actigraphy. Several main findings emerged from this study using such well-controlled procedures. First, the average melatonin onset in healthy, good-sleeping 30-to 36-month-old children occurred at 1929 h, with times ranging from 1735 h to 2107 h. Second, substantial interindividual differences in circadian phase and associated phase angles of entrainment are apparent in early childhood. Third, the midsleep phase angle of entrainment was approximately 6 hours, whereas the wake time phase angle of entrainment was approximately 11 hours. Finally, DLMO was moderately associated with bedtime, sleep onset time, midsleep time, and wake time.
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To date, published data on the timing of the circadian system in individuals younger than 9 years of age are scarce. Our findings mark one important step in addressing this gap and suggest a nonlinear, inverted U-shaped relationship between circadian phase and age across the life span. An advance in circadian phase from adulthood to old age has been supported by cross-sectional findings of an average DLMO in young adults aged 22 to 39 years of 2251 h, as compared to a DLMO of 2132 h in middle-aged adults of 40 to 58 years (Kawinska et al., 2005) and 2104 h in adults older than 65 years of age (Gooneratne et al., 2003) . In this study, toddlers exhibited an average DLMO of 1929 h, which is approximately 60 minutes earlier than that in 9-to 12-year-old children (2028 h) and approximately 75 minutes earlier than that in 13-to 16-year-old adolescents (2041 h) studied during the academic year (Crowley et al., 2006) . Our findings indicate a delay in circadian phase between early and late childhood; however, whether such a change occurs gradually or in a more abrupt step-wise fashion related to intrinsic processes and/or extrinsic demands is an unanswered question best addressed with the longitudinal assessment of children in the first decade of life.
Because toddlers have relatively long sleep episodes and early bedtimes, we hypothesized that their phase angles of entrainment would differ from older age groups, which was supported by our findings. Results from several laboratory studies indicate that the interval between DLMO and wake time ranges from 10.3 to 10.7 hours in adolescents and young adults (Burgess and Eastman, 2005a; Crowley et al., 2006) , which is over 1 hour shorter than what we observed in young children (11.2 hours). Furthermore, Wright and colleagues (2005) found that the bedtime phase angle of adults was 129 minutes, while Crowley and colleagues (2006) reported an average bedtime phase angle of 116 minutes in older adolescents and 71 minutes in young adolescents. The median interval between bedtime and DLMO in this sample of toddlers was approximately 40 minutes, which was approximately 30 minutes shorter than the sleep onset DLMO interval. Thus, while adults typically choose bedtimes about 2 hours after the onset of melatonin in the evening (Burgess and Eastman, 2005; Kawinska et al., 2005; Wright et al., 2005) , parents appear to select bedtimes for their young children that are much closer to their DLMO. In some cases (20%), children in this study were even put to bed before their DLMO, leading to a positive phase angle. Indeed, in a subset of napping toddlers from the current sample, narrower bedtime phase angles of entrainment, including those of a positive nature, were associated with longer sleep onset latencies and increased bedtime resistance (LeBourgeois et al., in press). Taken together, these findings have implications for understanding circadian misalignment, as well as identifying optimal bedtimes in early childhood, which are a common concern of parents and a topic of interest in the media.
Similar to previous studies of adolescents and adults (Burgess and Eastman, 2005; Crowley et al., 2006; Sletten et al., 2010; Wright et al., 2005) , we found a large variability in the timing of DLMO and in all phase angle of entrainment measures. Interactions between intrinsic and extrinsic factors may account for the observed variation in circadian parameters. For example, individual differences in circadian period (tau) predict the observed variability in bedtime phase angles of entrainment (Duffy et al., 2011; Duffy et al., 2001; Gronfier et al., 2007; Wright et al., 2005) , and exposure to a strong zeitgeber such as natural sunlight reduces individual differences in circadian phase . Genetic differences in circadian clock genes may also contribute to variability in circadian phase, as there is a growing body of evidence linking several polymorphisms to circadian preference but not to circadian phase per se (Archer et al., 2003; Gau et al., 2007; Katzenberg et al., 1998) . Changes in light exposure patterns may also influence differences in circadian phase, and variability in sleep schedules may gate the light/dark cycle to elicit either a phase delay or phase advance depending on the timing, intensity, and duration of light exposure (Czeisler et al., 1989; Dewan et al., 2011; Zeitzer et al., 2005) . Finally, a developmental change in the diurnal sensitivity to light has been suggested; however, further research is needed to support this hypothesis (Carskadon et al., 2002a; Crowley et al., 2007) . Our current findings add to an ongoing dialogue of the bidirectional relationship between the sleep and circadian systems. In this study, DLMO was positively associated with bedtime, sleep onset time, midsleep time, and wake time. As the timing of the circadian clock may "gate" sleep, our results suggest that individual differences in DLMO contribute to the timing of sleep in young children and help explain the striking variability in parental reports of sleep in the early years of life (Iglowstein et al., 2003) . Our findings also extend those of prior studies aimed at determining what sleep parameters most strongly influence the circadian clock. The close correspondence between bedtime and circadian phase suggests that the "lights-off" time selected by parents plays an important role in determining DLMO timing. Midsleep time, which is derived from both bedtime and wake time, has consistently been associated with DLMO (Burgess and Eastman, 2005a; Crowley et al., 2006; Martin and Eastman, 2002; Wright et al., 2013) . It has been postulated that circadian phase is most dependent on wake time because light exposure in the morning is more intense (Burgess and Eastman, 2005a) . This assumption was supported by our findings, as we observed a moderate (r = 0.65) association between wake time and DLMO in young children. However, we also found moderate associations between melatonin onset and bedtime (r = 0.46) and sleep onset time (r = 0.51). Further understanding of our results would require a phase response curve to A.
D.
C. light in children, which has yet to be established. Additionally, future research should examine associations between light exposure at different times of the day and the timing of the circadian clock in young children.
B.
Although this study provides some unknown pieces of the circadian puzzle in early childhood, it has some limitations that support the need for additional studies. Our findings are correlational, and thus, we cannot imply causation. Future research should test the effects of altered sleep schedules on circadian phase. We enrolled only children who were good sleepers with relatively stable sleep schedules, which limits the generalizability of our findings. Also, the current analysis focused on the relationship specifically between circadian phase and nighttime sleep in only napping children. Given that early childhood is characterized by a biphasic sleep pattern that varies across individuals, further analyses are needed to understand links between napping and the timing of the circadian clock. Circadian parameters in nonnappers may differ as a function of experiencing greater sleep pressures in the evening. Finally, it is unclear whether the tight association between DLMO and sleep onset time is driven primarily by the strength of the circadian signal, a more intense homeostatic sleep drive, or a combination of both. Clearly, additional research in children with more variable sleep schedules and/or with sleep problems is warranted.
In summary, these findings are an important first step in understanding the fundamental properties of the circadian timing system in the early years of life, which may be clinically relevant. Parents report sleep problems in about 25% of young children, which often persist across childhood (Kataria et al., 1987; Owens, 2008) . Understanding the timing of the circadian clock in young children may help improve the diagnosis and treatment of sleep and circadian disorders in the general population. Our findings also provide a foundation for future studies examining circadian rhythms in clinical populations, such as children with autism spectrum disorders, where sleep problems may be attributed to circadian rhythm disturbances and decreased melatonin production (Melke et al., 2008) . Therefore, knowledge of circadian rhythms in normally developing children may help clinicians appropriately time treatment with melatonin as a therapeutic intervention. Additionally, determining whether young children with emerging emotional problems have circadian misalignment in the form of a phase delay similar to that of adults with depression is important because childhood depression is a serious psychiatric disorder with a high risk for relapse (Cole et al., 2008; Lewy et al., 2006) . Taken together, with standard procedures for assessing circadian melatonin phase in young children now established, we can begin to answer key questions linking circadian rhythms, sleep, and young children's health and development. 
